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Spetral measurement of the thermal exitation of a
superonduting qubit
A. Palaios-Laloy, F. Mallet, F. Nguyen, F. Ong, P. Bertet,
D. Vion, D. Esteve
Abstrat. We report the measurement of the utuations of a transmon qubit
through the noise spetrum of the mirowave signal that measures its state. The
amplitude of the Lorentzian noise power spetrum allows to determine the average
qubit exitation, in agreement with the estimated thermal radiation reahing the
sample. Its width yields the qubit energy relaxation rate whih dereases with
temperature, ontrary to the preditions for a two-level system solely oupled to
thermal radiation. This indiates the existene of another non-radiative energy
relaxation hannel for the qubit.
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Superonduting qubits [1℄ are promising andidates for implementing a solid-
state quantum proessor. Over the last years, substantial improvements have been
made in the oherene times [2, 3℄, delity of single-qubit gates [4℄, readout proedures
[5, 6℄ and entanglement of several qubits [7℄. In a reent experiment a simple
quantum algorithm was operated on a two-qubit elementary proessor [8℄. One of
the requirements for the implementation of larger sale quantum algorithms [9℄ is that
the qubit registers should be properly initialized at the beginning of eah omputation,
with all qubits lying in their ground state. In most superonduting qubit experiments,
the initialization is simply realized by waiting long enough before eah experimental
sequene for the system to reah thermal equilibrium. At ryogeni temperatures in
the 10− 30mK range and for typial qubit resonane frequenies of a few GHz, there
is indeed at thermal equilibrium a small (typially less than 1%) probability of nding
the qubits in the exited state, whih is usually onsidered negligible. However, given
the reent improvement of the overall delity of single- and two-qubit gates, the eet
of even small thermal utuations will require to be onsidered more quantitatively
in the near future. Moreover it is well known in mesosopi physis that the eetive
temperature of an eletrial degree of freedom suh as a superonduting qubit an
be in some ases muh larger than the temperature of the ryostat, beause it an
be strongly oupled to out-of-equilibrium eletromagneti radiation oming from the
measuring leads, while only weakly to the phonon bath. It is thus important to be
able to measure preisely the average exited state population of a single qubit.
Here we propose and demonstrate a method to determine this thermal exited
state population in a iruit Quantum Eletrodynamis (QED) setup [10℄, where a
Cooper-pair box qubit of the transmon type [11, 3℄ is oupled to a oplanar waveguide
resonator (CPW). The two qubit states shift dierently the resonator frequeny, so
that the phase of a mirowave signal reeted by the resonator allows a non-destrutive
readout as demonstrated in numerous experiments [12℄. In the present setup as in
most QED experiments, it is not possible to readout the qubit state in one single
experimental sequene due to insuient signal-to-noise ratio. Note however that
suh a single-shot readout was reently obtained in QED by using a non-linear CPW
resonator [5℄. The usual method for reading out the qubit state, using ensemble-
averaged measurements of the mirowave signal, does not diretly provide an absolute
measurement of the qubit exitation. However, thermal utuations of the qubit state
are responsible for a measurable phase noise in the mirowave signal reeted by the
resonator, with a harateristi Lorentzian power spetrum. In this work we report
the observation of this thermal noise and we use it to determine the eetive qubit
temperature. We note that a related measurement was performed on an ensemble of
nulear spins measured by a SQUID amplier[13℄.
The omplete experimental setup is shown in Fig 1. The transmon has its
two lowest energy eigenstates |g〉 and |e〉 separated by ωge/2pi =5.304GHz. It is
apaitively oupled with strength g/2pi=45±2MHz to a superonduting resonator
with resonane frequeny ωc/2pi = 5.796GHz and bandwidth BW = 30.3MHz, whih
serves as qubit readout. With these parameters, the qubit is suiently detuned
from the resonator for their interation to be well desribed by the dispersive
Hamiltonian H = ~χnˆσˆz , where χ is the dispersive oupling onstant and nˆ is the
intra-resonator photon number operator. The resonator frequeny is thus shifted by
±χ/2pi = 1.75MHz when the qubit is in |g〉 or |e〉 respetively. A ontinuous mirowave
tone of frequeny ωc/2pi sent to the resonator input from soure Vm aquires a qubit
state-dependent phase shift whih allows a ontinuous and non-destrutive monitoring
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Figure 1. Mirowave setup used for measurements. A mirowave signal Vm
is sent through the input line ontaining several attenuators and lters at eah
temperature stage to the input port of the resonator (shown in green). The
reeted signal is separated from the input one by a irulator and goes through
a lter and two isolators before reahing the ryogeni amplier (gain 37 dB and
noise temperature 2.6K). The signal is then demodulated at room temperature
with a homodyne demodulation sheme to get its in-phase and quadrature
omponents I(t) and Q(t) respetively (for sake of simpliity details of the room
temperature demodulation sheme, inluding several stages of ampliation are
not shown). Swithing the signal ON and OFF with 1ms period allows to substrat
the noise bakground oming from the amplier.
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of this state. This ontinuous measurement does not indue spurious qubit exitation
as long as the the intra-resonator photon number (n ≃ 2.5 in our measurements) is
muh below the ritial photon number ncrit = (ωge − ωc)
2
/4g2 ≃ 30 above whih the
dispersive approximation fails. After reetion on the resonator, the signal is routed
through a irulator to a ryogeni amplier and is then measured by homodyne
detetion at room-temperature, yielding the two eld quadratures I(t) and Q(t).
The thermal utuations of the qubit state indue some phase noise on the reeted
mirowave signal, and thus some noise on eah quadrature X(t) (X = I,Q).
We start by omputing the power spetrum of the qubit thermal utuations.
Assuming that the bath onsists of a bosoni Markovian bath at temperature T , as
expeted for the impedane of the eletromagneti environment, the qubit dynamis
at thermal equilibrium is desribed by a simple rate equation [14℄
˙ρee = − ˙ρgg = −Γρee + Γnth(1− 2ρee) (1)
where Γ is the qubit energy relaxation rate, and nth(T ) = (exp(~ωc/kT )− 1)
−1
is the
mean photon number at temperature T . This yields a steady-state population of the
qubit exited state ρthee =
nth
1+2nth
, or zth = −
1
1+2nth
after onversion into spin units
z(t) = 2ρee(t)−1. The orresponding noise power spetrum Sz(ω) an be omputed as
the Fourier Transform of the two-time orrelation funtion Cz(τ) = 〈z(τ)z(0)〉 whih
is
Cz(τ) = 4 exp (−Γ(1 + 2nth)τ)
[
1− ρthee
]
ρthee. (2)
After Fourier transform, we obtain
Sz(ω) = 4
Γ(1 + 2nth)
Γ2(1 + 2nth)2 + ω2
[
1− ρthee
]
ρthee. (3)
Note that these expressions are only approximate beause the transmon is not
a genuine two-level system but an anharmoni resonator with an innite number of
exited states. The previous expressions are thus only valid in the limit where the
population of these higher exited states is negligible, whih in our ase is true up to
temperatures around 100mK.
We model the eet of the qubit state thermal utuations on the measuring
signal quadratures X(t) by assuming that the eld inside the resonator follows
instantaneously the qubit state. Here this assumption is justied by the large
bandwidth of the resonator, obtained by hosing a large resonator input apaitor.
The quadratures are then simply expressed as X(t) = X + (∆X/2)z(t) + ξ(t), where
X is the average reeted signal for a qubit fully unpolarized, ∆X is the hange in X
when the qubit hanges state, and ξ(t) is the total output noise of the amplier. In
the experiment we measure the sum of the noises on both quadratures
SV,ON (ω) = SI(ω) + SQ(ω) = Sξ(ω) + (∆V/2)
2Sz(ω), (4)
where Sξ(ω) is the output amplier noise power spetrum and (∆V/2)
2 = (∆I/2)2 +
(∆Q/2)2 is the detetor sensitivity. This quantity has the advantage of being
insensitive to drifts of the phase between the loal osillator used in the demodulation
and the measurement signal. It is worth noting that the mere presene of a ontinuous
measurement of the qubit state has no eet on the dynamis of thermal utuations
beause this dynamis is fully inoherent and entirely goverened by Markovian rate
equations [15℄. The situation is very dierent when the qubit is ontinuously measured
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Figure 2. (a) Noise spetra aquired for several temperatures Tc (olor solid
lines) and lorentzian ts (dashed blak lines). (b) Thermal population of the
TLS as a funtion of temperature: omparison of the experimental data (blak
dots) with the theoretial predition (red dashed urve). () Relaxation times as
a funtion of temperature extrated from the widths of the loretzian spetra (blue
dots) ompared to the preditions of the model disussed in the text (red dashed
urve) taking Γ−1 = T1,20mK = 226 ± 7 ns, independently measured in a pulsed
experiment at 20mK.
while being oherently driven, in whih ase the dynamis hanges from diusive Rabi
osillations to quantum jumps when the measurement strength is inreased [16℄.
We measure the detetor output noise spetrum SV (ω) for a series of temperatures
Tc. Eah spetrum is measured after waiting 15 minutes thermalization time one the
ryostat reahes Tc. We also verify that the sample is well thermalized by aquiring
two noise spetra for eah Tc, one upon warming up and the seond upon ooling down,
whih are found to be nearly idential. Eah spetrum is aquired by sampling I(t)
and Q(t) with 100MHz sampling frequeny. Eah 1024-point set of the sampled signals
is Fourier transformed and the amplitude of this transform is squared to obtain the
noise spetra SI(ω) and SQ(ω), whih are then orreted for the variations of setup
gains in frequeny and between the I and Q hannels. The resulting spetra are
summed to form SV,ON(ω). Eah 2.5ms the measurement mirowave is turned OFF
to measure the noise bakground of the amplier SV,OFF (ω) = Sξ(ω) and subtrat
it from the signal. The resulting noise spetrum SV (ω) = SV,ON (ω) − SV,OFF (ω) is
averaged typially 106 times.
As shown in Fig 2a, the measured noise spetra SV (ω) have a Lorentzian shape,
with an amplitude rapidly inreasing with temperature. The amplitude A and width
Γ1 of eah spetrum are tted with a Lorentzian model AΓ1/(Γ
2
1+ω
2). Aording to
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Eqs 3 and 4, the model predits that Γ1 = Γ(1 + 2nth) and A = ∆V
2
[
1− ρthee
]
ρthee.
The detetor sensitivity ∆V 2 is experimentally alibrated in the following way : using
exatly the same setup, we ensemble-average V 2(t) = I2(t) +Q2(t) under saturation
of the qubit g → e transition with a seond mirowave soure at frequeny ωge/2pi.
This yields ∆V/2 = 2.76± 0.14mV. In this way we an diretly extrat from the ts
the thermally exited state population ρee and the relaxation rates Γ1 as a funtion
of the ryostat temperature Tc.
The tted population (dots in Fig. 2b) agrees with the theoretial average
population ρthee (red dashed urve), alulated assuming two soures of radiation :
the thermal eld orresponding to the temperature of the ryostat oldest stage Tc,
with an average of nth(Tc) photons, and the thermal eld radiated by the 30 dB
attenuator thermalized at the still temperature TS =600±100 mK, and attenuated
(22 ± 0.5 dB) at 20mK, ontributing with nth (TS) /10
2.2
photons. At the lowest Tc,
we nd a thermally exited state population of 1±0.5%, orresponding to an eetive
temperature of 55mK.
At Tc = 20mK, the relaxation rate Γ
−1
1 dedued from the width of the Lorentzian
noise spetrum (see Fig. 2) is found to be in exellent agreement with the qubit
relaxation time T1,20mK = 226 ± 7 ns, measured in a standard pulsed sequene.
However, at higher Tc, we observe that the tted width dereases, whih implies that
the qubit energy relaxation time inreases with temperature. This outerintuitive
result disagrees with our model whih predits a relaxation rate Γ(nth) = Γ(1+ 2nth)
(see Eq. 1) inreasing with temperature due to stimulated emission by the thermal
eld, yielding the red dashed urve in Fig. 2b (alulated with Γ = T−1
1,20mK).
This indiates that the qubit is not only oupled to its eletromagneti environment
but also to another type of bath, ausing some additional damping with a dierent
temperature dependene. Additional support for this idea is that the measured
relaxation time at 20mK (226 ns) is signiantly shorter than the expeted damping
time due to relaxation into the the external impedane at zero temperature (600 ns),
whih indiates the existene of a non-radiative energy deay hannel. We nally
note that a similar inrease of the relaxation time with temperature up to 150mK was
diretly observed in a superonduting phase qubit, and attributed to non-equilibrium
quasipartiles in the superonduting metal eletrodes [17℄; a similar senario might
explain our results.
In onlusion, we have determined the thermal population of a superonduting
qubit oupled to a resonator, even without single-shot detetion apability, by studying
the noise spetrum of its measuring signal. The population measured is in good
agreement with the estimated thermal radiation reahing the sample. We observe
however an inrease in the relaxation time with temperature in ontradition with
this model. This points to the existene of unknown non-radiative deay hannels as
observed in other qubit experiments [17℄.
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